Abstract-A simple, cost effective high-temperature sensor (up to 1000°C) based on a hollow core fiber (HCF) structure is reported. It is configured by fusion splicing a short section of HCF with a length of few millimeters between two standard single mode fibers (SMF-28). Due to multiple beam interference introduced by the cladding of the HCF, periodic transmission dips with high spectral extinction ratio and high-quality (Q) factor are excited. However, theoretical analysis shows that minor variations of the HCF cladding diameter may result in a significant decrease in the Q factor. Experimental results demonstrate that the position of periodic transmission dips are independent of the HCF length, but spectral Q factors and transmission power varies with different HCF lengths. A maximum Q factor of 3.3 × 10 4 has been demonstrated with large free spectral range of 23 nm and extinction ratio of 26 dB. Furthermore, the structure is proved to be an excellent high-temperature sensor with advantages of high sensitivity (up to 33.4 pm/°C), wide working temperature range (from room temperature to 1000°C), high resolution, good stability, repeatability, relatively low strain sensitivity (0.46 pm/με), low cost, and a simple and flexible fabrication process that offers a great potential for 
I. INTRODUCTION
O PTICAL fiber sensors have been widely studied due to their well-known advantages such as miniature size, immunity to electromagnetic interference, a high resistance to corrosive environments, fast response and remote sensing capabilities, which gives them a great potential to be used in many applications including refractive index sensing, bio-chemical sensing, large civil structures structural health monitoring, and gas exploration [1] - [5] . Some of these applications require the sensors to have the ability to work at very high temperatures with good stability and accuracy. Previously reported optical fiber based temperature sensors can be mainly categorized into two types depending on the physical principle of sensor operation. One type is grating based temperature sensors while the other type are sensors whose operation is based on interferometry. Among these different types of temperature sensors, fiber Bragg grating (FBG) based temperature sensors are the most developed and reliable temperature sensors in real-life applications because of their unique advantages of high quality factor (Q factor, usually larger than 10 4 ) and multiplexing features [6] . However, the traditional Type I grating based FBG introduced by moderate UV exposures can be easily erased under high temperature, so it can only be used for relatively low temperature applications (usually below 200°C). By utilizing an intensive UV laser source or femtosecond pulse duration infrared (fs-IR) laser source, other types of gratings can be inscribed. The working temperature of these kinds of grating sensors can be extended to over 1000°C [7] - [9] . However, the fabrication process for such gratings is rather complicated and expensive [10] . Interferometer based temperature sensors, on the other hand, have the advantages of a relatively simple fabrication process, a much lower cost and can be fabricated for example by tapering or combining different optical fiber structures. Based on a variety of different fiber structure configurations, a number of interferometer based sensors have been proposed for high temperature sensing, such as those based on multimode fibers, thin core fibers, microcavities, microchannels, twin core, multi core 0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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fibers, and photonic crystal fibers (PCF) [11] - [17] . Multimode and thin core fiber based temperature sensors show poor spectral Q factors and hence the temperature measurement accuracy is relatively low. Microcavity and microchannel based FabryPerot interferometer (FPI) temperature sensors could achieve higher Q factors but with extremely smaller channel spacing and hence narrow measurement range [18] . Besides, the fabrication of such microcavities or microchannels typically requires high cost equipment such as a femtosecond laser. PCF based temperature sensors have also attracted lot of interest recently, but they suffer from the disadvantages of large insertion loss, low fringe visibility and high cost. Hollow core fiber (HCF) is attracting more and more research interest, for example, as a means to incorporate an air-gap microcavity in the HCF to form an FPI for sensing applications [19] - [21] . In FPI based sensors there is a need to very precisely control the size of the microcavity in the order of micrometers, as small variations in the cavity length will result in significant changes to the actual spectrum achieved by comparison to the intended spectrum. Moreover, most of the air gap FPI based temperature sensors have a very limited temperature sensitivity (∼1 pm/°C) [22] - [24] and contamination from dust and other pollutants is a significant issue for the long term stability of the sensor, due to a structure that is typically open to the environment [11] . Recently, functionalized HCF based interferometer structures has been reported for use as a biosensor, a magnetic field sensor, a humidity sensor and a displacement sensor [25] - [28] . These reports demonstrated very useful applications of a HCF based interferometer, but to date there has been a lack of in-depth analysis of the structure.
In this article, we propose and investigate a single HCF (∼30 μm inner diameter, ∼126 μm outer diameter) based multiple beam interferometer for high temperature sensing, where a short section of HCF is fusion spliced between two traditional singlemode fibers (SMF28). The proposed structure demonstrates a high spectral extinction ratio (over 26 dB), high Q factor (3.3 × 10 4 ), wide working temperature range (up to 1000°C), a high temperature sensitivity of 34.3 pm/°C and a relatively low strain sensitivity of about 0.46 pm/με. The demonstrated sensor has the advantages of low cost and a simple and flexible fabrication process that offers a great potential for practical applications.
II. THEORETICAL MODEL AND ANALYSIS
A schematic diagram of the proposed SMF28-HCF-SMF28 fiber structure is shown in Fig. 1(a) . A microscope image is also presented in Fig. 1(b) to illustrate the splice condition at the transition region between the SMF28 and HCF. When light is transmitted from the SMF28 to the HCF, the light energy within the SMF28 core is not fully guided mode within the HCF since the diameter of the air core (∼30 μm) of the HCF is larger than that of the SMF28 (∼8.2 μm) and the refractive index of the air core is much smaller than that of the silica cladding of the HCF. Light that reaches the silica cladding of the HCF propagates within the cladding, given that the cladding is surrounded an air with a lower refractive index. As illustrated in Fig. 1(a) , the incident light from the SMF28 will be reflected at both the interface between the inner air/cladding and outer air/cladding, resulting in multiple beam interferences within the HCF. After experiencing the multiple beam interference in the HCF cavity light will ultimately be transmitted to the output SMF28. Since the fiber has a symmetric cylindrical structure, the light interference and transmission are illustrated in Fig. 1(a) but only for the top half of the structure for the sake of clarity.
Assuming the input light (S) has an amplitude A with an incident angle θ 1 and a refractive angle θ 2 , the HCF cladding thickness is d and the refractive index is n, then the phase difference between the two adjacent reflected light rays inside the air core of the HCF ( 
where r 1 , r 2 are the coefficients of reflection at the interfaces between the inner air/cladding and cladding/outer air respectively which can be calculated by the Fresnel equations:
t 1 , t 2 are the coefficients of refraction at the interface between the inner air/cladding and cladding/outer air respectively.
If there are p reflected light rays, where p =
, L is the length of the HCF fiber, then the amplitude of reflected light can thus be expressed as:
The intensity of light reflected by the HCF cladding is hence
Simulations based on the above analysis were carried out. In the simulation, we assume the SMF28 has core and cladding refractive indices of 1.452 and 1.449 at a wavelength of 1550 nm respectively and a core diameter of 8.2 μm; the HCF has an air core diameter of 30 μm and cladding diameter of 126 μm with the length of 5 mm and only TE mode was considered. The refractive index of the HCF cladding is wavelength dependent, [29] , where λ is the wavelength in μm, a typical refractive index at the wavelength of 1550 nm is 1.444. Fig. 2 shows the simulated spectral response of the SMF-HCF-SMF fiber structure, based on the analysis above. As one can see from Fig. 2(a) , the output spectrum of this structure has multiple high Q transmission dips and a relatively large free spectral range (FSR) of about 23 nm around 1540 nm, making the proposed SMF-HCF-SMF structure advantageous as a very narrow bandwidth optical filter or as a sensor with high accuracy (due to the high Q factor) and a wide working range (due to the large FSR). In practice, the HCF cladding diameter fluctuates very slightly, as a result of the limitations in the manufacturing process, which could have a significant influence on the transmission spectrum of the SMF-HCF-SMF structure. Fig. 2 (b) shows a simulation result of the spectral response of the structure containing HCF section with random fiber cladding diameter variations of ±10 nm (d = 48 ± b × 0.01 μm, where b is a random number between 0 and 1). It is clear that the cladding diameter variations have a significant influence on the output spectrum, resulting in a degraded Q factor of 3.15 × 10 4 , which in fact is still relatively high compared to most optical fiber based interferometers, even compared with a typical fiber Bragg grating which has a 3 dB bandwidth of 0.1 nm with a Q factor of 1.55 × 10 4 . Fig. 2 (c) shows in simulation the relationship between Q and the HCF cladding diameter variation amplitude. It can be seen that the HCF cladding diameter variation has a significant influence on the Q factor of the structure. When the amplitude of the cladding diameter variation increases from 2 nm to 20 nm, the Q factor decreases from 8.13 × 10 5 to 7.9 × 10 3 . The influence of temperature on the physical properties of an optical fiber manifests itself as both changes of refractive index and changes in fiber dimensions. The values of the changes in each of the properties are further determined by the two fiber material's parameters: the thermal expansion coefficient (TEC) and the thermo-optic coefficient (TOC). For the structure presented here, assuming the HCF has a cladding diameter D, length L and refractive index n, the corresponding changes of these parameters due to a temperature variation (ΔT) can be expressed, respectively, as
where α and ξ are the TEC and the TOC, respectively. Fig. 3 presents the simulation results for the wavelength of one of the transmission dips versus temperature. In the simulation, α = 5 × 10 −7 /°C and ξ = 8.6 × 10 −6 /°C. As the temperature increases, the spectral wavelength red-shifts linearly and monotonically toward the longer wavelengths. The calculated sensitivity is about 25 pm/°C over a wide temperature range from 0 to 900°C.
Experimental investigation of the temperature influence on the HCF based structure has been carried out. Fig. 4 shows a schematic diagram of the experimental setup for temperature/strain measurements. Two ends of SMF-28 are fixed on two manual translation stages and the short section of HCF which is spliced between these two SMF acting as the sensor head is placed straight inside the central heating zone of a ceramic microheater. The temperature of the microheater is controlled by a programmable DC current controller. Fig. 5(a) shows the experimentally measured transmission spectral responses of the proposed structures with different lengths of HCF. As one can see from the figure, a range of sharp transmission dips are observed over the wavelength range from 1493 to 1593 nm, which agrees well with our above simulation results. As the length of the HCF increases from 3.5 mm to 8.5 mm, the transmission loss increases, the estimated Q factor values for the experimentally recorded spectral responses (for dip 2) are about 7.3 × 10 3 , 3.3 × 10 4 , 1.3 × 10 4 and 1.1 × 10 4 , respectively, demonstrating that high Q factors can be achieved experimentally. The measured FSR around the wavelength of 1540 nm range is circa 23 nm, which matches very well with the simulation result. Fig. 5 (a) also shows that the minimum transmission loss of the structure is about 5 dB corresponding to a sample with a HCF length of 3.5 mm. The loss is possibly due to the following two factors: 1) the light absorption/ scattering at the interface between HCF cladding and air; 2) the SMF fiber has much smaller diameter (8.2 μm) compared to that of HCF air core (30 μm), so that not all the power transmitted in the HCF air core will be coupled to the output SMF. The loss due to the above factors can be reduced by replacing the output SMF with a larger core diameter multimode fiber (MMF), which has been verified by our additional experiment, where the transmission loss was reduced by about 2.5 dB as shown in Fig. 5(b) by replacing SMF28 with MMF with a core diameter of 62.5 μm.
III. RESULTS AND DISCUSSION
It should be noted also that the wavelengths of the spectral dips remain almost unchanged for the structures with different lengths of HCF, which indicates that the spectral dip wavelength of the transmission is independent of the HCF length. This is due to the fact that the interference wavelength dip is caused by the multiple beam interferences taking place within the hollow core of the HCF. The unique property makes the fabrication of this device more repeatable.
The temperature dependence of the HCF based structure has been experimentally investigated. In our experiments, a sensor with a length of circa 3.5 mm of HCF is chosen for the test. Since the microheater used in our setup has a full length of heating zone of 19 mm, it is reasonable to assume that this microheater can provide a uniform temperature distribution over the whole length of the 3.5 mm HCF section.
As in initial set of tests, the sensor stability at high temperatures is monitored over a one hour period as shown in Fig. 6(a) . The sensor demonstrates a very good stability when it is exposed to constant temperatures of 500°C and 638°C. When the temperature is further increased to a constant value of 777°C, the optical spectrum undergoes a blue shift of circa 0.56 nm over 60 minutes. Further increases in the temperature to constant values of 900°C and 1005°C, result in the blue shift increase with time becoming more significant, which indicates the sensor's stability deteriorates with the long term exposure to higher temperatures, above 800°C. This problem can be solved by introducing an annealing process which helps to eliminate the residual stress and thermal memory existing in the fiber structure [11] , [30] . As shown in Fig. 6(a) , after one cycle of a 65 hour annealing process at 900°C and 1005°C respectively, sensor stability has been significantly improved. Fig. 6(b) shows a standard deviation plot for the spectral dip's variations during one hour period at different temperatures before and after the annealing process, which clearly demonstrates that the sensor has a significantly improved stability after 65 hours of annealing. It is also acknowledged that the observed small variations in the temperature dependencies at higher temperatures could possibly be contributed by the microheater itself as a result of the perturbations caused by the local airflow or small fluctuations in the output of the DC current controller driving the microheater.
Following the temperature stability tests above, the temperature sensing performance for the sensor has been investigated. Initially this took place without an annealing process. As can be seen from Fig. 7(a) , spectral dip 3 (marked in Fig. 5(a) ) moves monotonically towards longer wavelengths as the temperature increases from room temperature to 500°C. Each of the associated spectral dips corresponding to longer wavelengths display slightly improved temperature sensitivity.
The main graph in Fig. 7(b) shows the wavelength shift versus temperature for heating and cooling cycles for the same sensor which underwent three different annealing cases in sequence (no annealing (NA), then annealed at 900°C (A900) and then subsequently annealed at 1005°C (A1005)). For each annealing case, including no annealing, the sensor was characterized in terms of wavelength shift as a function of temperature over a range from room temperature up to a defined limit, as shown in Fig. 7(b) . The sensor was also characterized for a decreasing temperature, from the upper limit of a range, back down to room temperature. The NA case used a measurement range from room temperature to 503°C, as without annealing operation beyond circa 500°C is not reliable. For the cases where the sensor was annealed at 900°C and annealed at 1005°C, the temperature range was from room temperature up to 899°C, and up to 998°C, respectively.
The results show that, for all the three different annealing cases, the measured wavelength shifts for the heating cycle match very well with those of the cooling cycle, indicating that this structure has very good repeatability for temperature measurement, with negligible evidence of hysteresis. From Fig. 7 (b) we can also see that, the temperature sensitivities are almost the same for all the sensors even after three different annealing processes.
The maximum temperature sensitivity of 33.4 pm/°C is achieved at the temperature around 1000°C for the sensor after being annealed at 1005°C, which is over two times higher than many temperature sensors reported recently [9] , [13] , [17] . It is noted that the measured maximum sensitivity is larger than our theoretically calculated temperature sensitivity of 25 pm/°C, this is possibly because the TOC (ξ) of the HCF cladding is temperature dependent and it has a higher value of ξ at high temperatures. Due to the large FSR, the annealed sensor can effectively measure temperature in very wide temperature range from room temperature to 1000°C with excellent stability. The inset figure in Fig. 7(b) gives a spectral response vs. temperature for the sensor after annealed at 1005°C for 65 hours, which shows similar wavelength shifting trend but with a reduced Q factor (5.1 × 10
3 ) and extinction ratio. The influence of strain applied to the structure on its performance as a temperature sensor has also been investigated. In our experiment, the sensor which underwent annealing at 1005°C is chosen for the strain test at different temperatures. For the sake of brevity, we only present the spectral responses to strain at room temperature and at 503°C as shown in Fig. 8 . It can be seen that wavelength shifts linearly with strain, and the strain sensitivities at both temperatures are almost the same, (0.64 pm/με at 503°C and 0.66 pm/με at room temperature), indicating that the structure's strain sensitivity is temperature independent over a wide temperature range.
The influence of the HCF length on both the temperature and strain sensitivities of the sensor has also been studied and the results are shown in Fig. 9 . Due to the limited heating length of the micro-heater it wasn't suitable for this experiment and so the influence of HCF length on temperature sensitivity was analyzed at lower temperatures by placing the fiber structure on a hotplate. It is clear from the figure that the HCF length has a limited influence on the temperature sensitivity. However, a greater length somehow shows a lower strain sensitivity of 0.46 pm/με, which is lower than many other fiber structures such as FBG (1.2 pm/με) [31] , long-period fiber-grating (7.6 pm/με) [32] and hollow-core photonic crystal fiber (0.96 pm/με) [33] . Usually, a strain change will introduce the variation of fiber length and hence the optical length change, resulting spectral wavelength shifts. However, the spectral position of the interference dips does not change with fiber length in our case.
IV. CONCLUSION
In conclusion, a high temperature sensor based on a HCF based interferometer is proposed and investigated both theoretically and experimentally. It is found that the interferometer's transmission spectrum contains dips with a very high spectral extinction ratio and high Q factors due to multiple beam interference introduced by the hollow fiber cladding, but theoretical analysis shows that minor variations of the HCF cladding diameter may result in a significant decrease in the Q factor. Hence, accurate control of the fiber cladding diameter is critical to achieve high Q transmission dips. Experimentally, a range of periodic transmission dips with large spectral extinction ratio (∼ 26 dB), large FSR (∼ 23 nm) and high Q factor (3.3 × 10 4 ) were demonstrated based on the proposed fiber structure, which agrees very well with the simulation results. Experimental results also show that the length of HCF has influence on the spectral Q factor and transmission power, but it has no effects on position of the periodic transmission dips. The proposed HCF based structure has a maximum temperature sensitivity of 33.4 pm/°C with good stability at 1005°C after proper annealing process. In addition, the structure is relatively insensitive to strain with a sensitivity of circa 0.46 pm/με, which gives the sensor great potential for high temperature sensing. Due to the high Q factor of the structure, it has potential application as high accuracy bio-chemical sensor assuming proper functionalizing inner/outer surface of the HCF. It has many other advantages such as a simple configuration, ease of fabrication, low cost, and also excellent stability and repeatability. He has more than 300 publications in the area of photonics. His current research interests include several areas of optical sensing including FBG interrogation systems, the modeling and applications of fiber bent loss to optical sensing, SMS and other fiber structure for sensing applications, PCF sensors for environmental sensing and for sensing strain in composite materials and medical devices, LC infiltrated PCF sensor, and microfiber and nanowire sensors for biosensing.
